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ABSTRACT 
Seven t an ta lum shea thed ,  B e 0  i n s u l a t e d ,  0.157 cm.  d i ame te r ,  grounded 
j u n c t i o n  W3%Re/W25%Ete thermocouples were i r r a d i a t e d  i n  a helium-argon envi ron-  
ment, a t  a tempera ture  of  1900-2100 K .  S ix  o t h e r  thermocouples from t h e  same 
l o t  were opera ted  o u t - o f - p i l e  w i th  t h e  same tempera ture  h i s t o r y  as t h e  i n - p i l e  
0 0 
UJ 
I 
thermocouples. D r i f t  i n - p i l e  w a s  determined by p e r i o d i c a l l y  r e p l a c i n g  a 
r e f e r e n c e "  thermocouple i n  t h e  i r r a d i a t i o n  capsu le .  D r i f t  o u t - o f - p i l e  was I t  
determined wi th  an  o p t i c a l  pyrometer. 
21 
A f t e r  5000 hours i r r a d i a t i o n ,  t h e  e s t ima ted  neut ron  f luence  was 2 x 10 
2 2 
thernlal neutrons/cm and 0 , 4  x lo2' f a s t  neutrons/cm (E > 0.18 MeV).  A t  t h i s  
0 t i m e  t h e  i n - p i l e  group had decreased  i n  output  t h e  e q u i v a l e n t  of  190 K a t  
2073'K and t h e  o u t - o f - p i l e  group had decreased  i n  ou tpu t  t h e  e q u i v a l e n t  of 
54'K a t  2073'K. 
group was < -+_ L O O K .  
The maximum d e v i a t i o n  i n  d r i f t  between thermocouples of each  
Termination of t h e  i r r a d i a t i o n  i s  planned a f t e r  h a l f  of  t h e  thermocouples 
f a i l .  A p o s t - i r r a d i a t i o n  c a l i b r a t i o n  us ing  an  o p t i c a l  pyrometer and me ta l lo -  
g raph ic  examination of  t h e  thermocouples w i l l  be performed i n  a h o t  cel l .  
F i n a l  r e s u l t s  w i l l  i n c l u d e  u l t i m a t e  l i f e t i m e  and i d e n t i f i c a t i o n  of f a i l u r e  
mechanisms. 
INTRODUCTION 
Advances i n  space power systems and propuls ion  technology r e q u i r e  measure- 
0 0 ment of temperature  i n  t h e  1500 K t o  2300 K range f o r  long  per iods  of t i m e .  
For  example, n u c l e a r  powered thermionic  d iode  experiments r e q u i r e  a c c u r a t e  
temperature  information t o  e v a l u a t e  diode and f u e l  form performance and t o  pre-  
vent  f u e l  overtemperature .  It i s  o f t e n  necessary  t o  measure t h e s e  h i g h  temper- 
a t u r e s  t o  w i t h i n  2 100 K, and d e s i r a b l e  t o  measure them t o  witl i in 50 K f o r  
up t o  10,000 hours o f  o p e r a t i o n  i n  a n u c l e a r  environment. 
0 0 
Thermocouples, because of  the i r  small s i z e  and s i m p l i c i t y ,  have been t h e  
only h igh  temperature  measuring device  a c c e p t a b l e  f o r  n u c l e a r  r e a c t o r  u se ;  but 
t h e r e  i s  c u r r e n t l y  no high temperature  thermocouple which i s  immune t o  n u c l e a r  
r a d i a t i o n .  During a long-term (10,000 hour) i r r a d i a t i o n ,  t h e  neutron f l u e n c e  
experienced by t h e  thermocouples may r e a c h  neutrons/cm:! . Therefore  t h e s e  
thermocouples may exper ience  d r i f t  i n  c a l i b r a t i o n  due t o :  (1) chemical reac- 
t i o n s ,  (2)  t ransmuta t ion  o f  t h e  thermoelements caused by thermal  n e u t r o n s ,  o r  
(3) r a d i a t i o n  damage o f  t h e  thermocouple materials caused by f a s t  neut rons .  
Environmental c o n d i t i o n s  a t  t h e  Plum Brook Reactor  F a c i l i t y  u s u a l l y  d i c -  
t a t e  sheathed thermocouples o f  about  0.16 c m .  o u t s i d e  d iameter .  The thermoele- 
ments favored f o r  h igh  temperature  a p p l i c a t i o n s  a re  t h e  tungsten-rhenium(W/Re) 
a l l o y s .  
poor’ ’ 2 ,  
mocouples a re  u n s t a b l e  and d e c a l i b r a t e  when hea ted  t o  high temperatures  i n  a 
non-nuclear environment. M a t e r i a l  s t u d i e s  i n d i c a t e  t h a t  t h e  l i f e t i m e  can 
I n  g e n e r a l ,  t h e  l i f e t i m e  of  sheathed W/Re thermocouples has  been 
A 1 s o ,  Brooks and K r a m e r 3  have shown t h a t  sheathed W5%Re/W26%Re t h e r  - 
4-8 
be extended and t h e  d e c a l i b r a t i o n  reduced o r  e l i m i n a t e d  i f  high p u r i t y  materi- 
a l s  and r i h i d  q u a l i t y  c o n t r o l  a r e  used. 
t h a t  bare  r i i r ,  W3 de/W257&e thermoelements are s t a b l e  wht 
Burns and H u r s t ’  lid. t_ e s t a b l i s h e d  
* )pe ra t ed  up t o  2300 
0 
K i n  argon 01 1iydi.ogen f o r  1000 hours  i n  a non-nuclear environment. 
1 
10 Browning and M i l l e r  c a l c u l a t e d  t h e  percent  composition changes of W ,  R e ,  
14 and W26%Re throughout a 20-year i r r a d i a t i o n  a t  a thermal  neut ron  f l u x  of 10 
2 neutrons/cm -sec. 
formed and pe rcen t  volume change f o r  W ,  R e ,  W5%Re, and W2673e throughout a one- 
year  i r r a d i a t i o n  a i  thermal neut ron  f l u x e s  of  
Braunton, e t  a l l 1  c a l c u l a t e d  t h e  percent  of new elements  
2 15 neutrons/cm -sec t o  10 
l2'I3 extended t h i s  work by prepar ing  a l -  neutrons/cm -sec. Fanston & Kuhlman 2 
loys  of W ,  R e ,  and osmium t o  correspond t o  t h e  transmuted W/Re thermoelements. 
Based on t h i s  s y n t h e s i s ,  a p o s i t i v e  d e c a l i b r a t i o n  ( i . e . ,  a g r e a t e r  emf output  
a t  a given temperature)  of l l O ° K  occurred  a t  2100 K and a thermal  neut ron  f l u -  0 
ence of  1.6 x lo2' neutrons/cm2 f o r  W/W25%Re. A n e g a t i v e  d e c a l i b r a t i o n  of 100 
0 K occurred  f o r  W5%Re/W25XRe and a p o s i t i v e  d e c a l i b r a t i o n  of 70° 
14 
occurred f o r  W57aelm573.e a t  the  same t e s t  tempera ture  and f luence .  P r a t t  
a l s o  t e s t e d  t h e  t r ansmuta t ion  e f f e c t s  of  W57Ae/W267&e thermoelements by 
syn thes i z ing  t h e  chemical composi t ion,  and r epor t ed  a nega t ive  d e c a l i b r a t i o n  
o f  200°K and 300°K f o r  thermal  neut ron  f luences  of  2.2 x lo2' neutrons/cm2 and 
2 6.2 x lo2' neutrons/cm r e s p e c t i v e l y .  Woodx5 performed c a l c u l a t i o n s  t o  e s t i -  
mate t h e  change i n  emf of  W/W26%Re thermoelements when exposed t o  a thermal 
14 2 neut ron  flux o f  3 x 10 neutrons/cm -sec .  H i s  r e s u l t s  i n d i c a t e d  t h e  same 
p o s i t i v e  d e c a l i b r a t i o n  t h a t  Kuhlman found, b u t  a somewhat l a r g e r  magnitude. 
16 Mason performed an i n - p i l e  e v a l u a t i o n  o f  W57&e/W267Ae thermocouples t o  
21 2 a thermal  neut ron  f luence  of  2.2 x 10 neutrons/cm , and observed a nega t ive  
d e c a l i b r a t i o n  o f  less than  40°K a t  1800'K. Novak17 d i d  i n - p i l e  t e s t i n g  of . 
W3%Re/W257Ae and W5%Re/W26%Re thermocouples by performing a c a l i b r a t i o n  before  
and a f t e r  a n  i r r a d i a t i o n  o f  2.8 x 10 ( thermal )  neutrons/cm , and r epor t ed  a 
p o s i t i v e  d e c a l i b r a t i o n  t r e n d  o f  6'K a t  2000°K f o r  t he  W573e/W267Ae thermo- 
20 2 
couple .  
Villamayor'' i r r a d i a t e d  bare  w i r e  and sheathed W57&e/W26'ZRe thermocouples.  
No d e c a l i b r a t i o n  informat ion  w a s  ob ta ined  f o r  t h e  o t h e r  a l l o y  p a i r .  
2 
C a l i b r a t i o n  ~7as performed a t  t h e  end of  t h r e e  s u c c e s s i v e  r e a c t o r  c y c l e s .  The 
r e s u l t s  showed a n e g a t i v e  d e c a l i b r a t i o n  o f  35 K a t  2073 K a f t e r  i r r a d i a t i n g  a t  
1523'K and a thermal  n e u t r o n  f l u e n c e  o f  1.4 x 10 
l i n e a r  d e c a l i b r a t i o n  w a s  ob ta ined  f o r  the b a r e  w i r e  thermoelements, and a v e r y  
non- l inear  d e c a l i b r a t i o n  w a s  ob ta ined  f o r  t h e  sheathed thermocouples.  
Thompson, e t  a l l 9  i r r a d i a t e d  W/W267&e and W5%Re/W25%Re thermocouples t o  f a s t  
(E > 0.18 MeV) neut ron  f l u e n c e s  i n  t h e  o r d e r  of lo2' neutrons/cm , and re- 
ported both  types  showed a s i g n i f i c a n t  n e g a t i v e  d e c a l i b r a t i o n ;  t h e  W573Xe/W257& 
being g r e a t e r  by a f a c t o r  o f  2 t o  3. 
sheathed W373Xe/W25%Re thermocouples i r r a d i a t e d  a t  1356'K and a thermal  and 
0 0 
20 2 neutrons/cm . A f a i r l y  
2 
C a r p e n t e r ,  e t  a120 measured t h e  d r i f t  of  
21 
f a s t  (E > 0.18 MeV) neut ron  f luence  of  1.6 x lo2' neutrons/cm2 and 2.7 x 10 
2 neutrons/cm r e s p e c t i v e l y .  They r e p o r t e d  a n e g a t i v e  d e c a l i b r a t i o n  o f  about  
80°K a t  1356'K. The d e c a l i b r a t i o n  was l i n e a r  w i t h  neut ron  f l u e n c e .  
Consider ing t h e  above,  it i s  n o t  p o s s i b l e  t o  p r e d i c t  w i t h  a g r e a t  degree 
of  c e r t a i n t y  the u l t i m a t e  l i f e t i m e  ( t i m e  t o  c a t a s t r o p h i c  f a i l u r e )  and expected 
d e c a l i b r a t i o n  of W/Re thermocouples used i n  n u c l e a r  r e a c t o r  experiments .  How- 
ever, i t  i s  necessary  t o  know t h e  magnitude o f  t h e  d e c a l i b r a t i o n  of  t h e s e  t h e r -  
mocouples dur ing  a long-term i r r a d i a t i o n  so  t h a t  t h e  temperatures  measured i n  
a n  experiment can be c o r r e c t e d .  For  t h i s  reason ,  t h e  tes t  program d e s c r i b e d  
i n  t h i s  paper  w a s  e s t a b l i s h e d .  
EXPERIMENT OBJECTIVES 
The s p e c i f i c  o b j e c t i v e s  o f  t h e  experiment are l i s t e d  below. 
1. To determine the r a d i a t i o n  e f f e c t s  on t h e  c a l i b r a t i o n  of sheathed 
0 s t a t e - o f - t h e - a r t  W/Re a l l o y  thermocouples o p e r a t i n g  i n  t h e  1900°K t o  2100 K 
temperature  range.  
2 .  To determine t h e  u l t i m a t e  l i f e t i m e  ( t i m e  t o  c a t ' i s t r o p h i c  f a i l u r e )  o f  
t h e  thermocouples t e s t e d .  
3 
3 .  To determine t h e  cause o f  t h e  observed e f f e c t s  by p o s t - t e s t  examina- 
t i o n  of  t h e  thermocouples.  
EXPERIMENTAL PETHODS 
It w a s  suspec ted  t h a t  sheathed thermocouples may exper ience  d r i f t  i n  a 
non-nuclear environnent  due t o  chemical r e a c t i o n s  which are  a c c e l e r a t e d  a t  
h igh  tempera tures .  Therefore ,  a n  o u t - o f - p i l e  c o n t r o l  experiment w a s  deemed 
necessary  t o  s e p a r a t e  t h e  r a d i a t i o n  e f f e c t s  from o t h e r  v a r i a b l e s .  
The methods used t o  o b t a i n  exper imenta l  d a t a  are  v i t a l l y  important  i n  t h e  
i n t e r p r e t a t i o n  o f  t h e  d a t a ,  e s p e c i a l l y  t o  those  n o t  f a m i l i a r  w i t h  t h e  d e t a i l s  
o f  t h e  experiment .  Therefore ,  t h e  d e s i g n  of  t h e  i n - p i l e  and o u t - o f - p i l e  
appara tus  t o  measure thermocouple d r i f t  w i l l  be d e s c r i b e d .  
I n - P i l e  Apparatus  
A s k e t c h  o f  t h e  i n - p i l e  c a p s u l e  i s  shown i n  F i g .  1, and a photograph o f  
t h i s  c a p s u l e ,  less t h e  s t a i n l e s s  steel  c o n t a i n e r ,  i s  shown i n  F i g .  2 .  Seven 
W/Re-thermocouples e n t e r  a 1 . 9  cm. d iameter  x 3.8 c m .  long tantalum-10% tungs-  
t e n  (TalO%W) tes t  c a v i t y  a t  a n  a n g l e  o f  approximately 8 w i t h  t h e  tes t  c a v i t y  
axis.  The thermocouples extend i n t o  t h i s  test  c a v i t y  w i t h  t h e i r  j u n c t i o n s  
0 
p o s i t i o n e d  n e a r  t h e  c e n t e r  a t  a r a d i a l  d i s t a n c e  o f  about  0.63 c m .  A 0.318 cm.  
o u t s i d e  d iameter  TalO%W d r i l l e d  rod r u n s  a x i a l l y  through t h e  test c a v i t y .  The 
upper two- th i rds  of  t h i s  d r i l l e d  rod forms a thermocouple w e l l ,  and t h e  lower 
one- four th  forms a b lack  body h o l e  f o r  o p t i c a l  pyrometer s i g h t i n g s  dur ing  pos t -  
i r r a d i a t i o n  c a l i b r a t i o n .  Stranded t u n s t e n  w i r e  i s  wound on a grooved b e r y l -  
l ium oxide  (BeO) form t o  serve as a n  e lec t r ica l  h e a t e r .  A c y l i n d e r  o f  TalO%W 
around t h e  h e a t e r ,  and several d i s c s  o f  t h e  s a m e  material a t  each end o f  t h e  
test  c a v i t y  serve as r a d i a t i o n  h e a t  s h i e l d s  t o  main ta in  a uniform temperature  
i n  t h e  test  area. 
4 
The tes t  c a v i t y  and t h e  thermocouple w e l l  are p res su r i zed  wi th  h igh  
p u r i t y  helium gas .  
flowing h igh  p u r i t y  hel ium g a s ,  high p u r i t y  a rgon  g a s ,  o r  a mixture  of  t h e  two. 
A flow rate of approximately 10 cc/min. i n s u r e s  complete mixing of  t h e  two 
gases .  Use of t h e s e  i n e r t  gases  a l lows  t h e  temperature  of  t h e  t e s t  area t o  be 
con t ro l l ed .  
The area surrounding t h e  t e s t  c a v i t y  i s  p res su r i zed  wi th  
F igu re  3 i s  a photograph of t h e  completed capsule .  A s t a i n l e s s  steel con- 
t a i n e r  enc loses  t h e  assembly. S t a i n l e s s  steel tubes  con ta in ing  n i c k e l  and 
coba l t  dosimeter  wires are v i s i b l e  a t  t h e  t o p  of t h e  capsule .  I n  a d d i t i o n ,  a 
tungsten dosimeter  w i r e  i s  i n s t a l l e d  wi th  t h e  thermocouples.  A f t e r  completion 
of  t h e  i r r a d i a t i o n ,  t h e s e  wires are removed and used t o  determine t h e  thermal  
and f a s t  neut ron  f luence  r ece ived  by t h e  thermocouples.  
I n - P i l e  C a l i b r a t i o n  Technique 
A unique method of determining t h e  temperature  of t h e  thermocouples 
under test dur ing  t h e  i r r a d i a t i o n  i s  incorpora ted  i n t o  t h e  capsule .  A thermo 
couple can be i n s e r t e d  i n t o  t h e  thermocouple w e l l  i n  t h e  d r i l l e d  rod when- 
- 
ever t h e  temperature  of t h e  tes t  c a v i t y  i s  d e s i r e d .  I n  a d d i t i o n ,  t h i s  thermo- 
couple can be rep laced  wi th  a new, r e c e n t l y  c a l i b r a t e d  thermocouple as o f t e n  
as r equ i r ed  throughout t h e  i r r a d i a t i o n  whi le  t h e  experiment remains in -co re .  
This thermocouple, r e f e r r e d  t o  as t h e  ”Ret rac tab le  Replaceable  Thermocouple” 
(RRTC) , i s  shown i n  F i g .  4 .  It u t i l i z e s  a p i s t o n  and c y l i n d e r  placed above 
t h e  capsule  i n  a low t empera ture  reg ion .  The thermocouple i s  a t t a c h e d  t o  t h e  
p i s t o n ,  which i s  opera ted  wi th  p re s su r i zed  helium gas .  When n o t  used t o  
measure the  t es t  c a v i t y  tempera ture ,  t h e  thermocouple i s  r e t r a c t e d  t o  t h e  low 
temperature  ( < 400 K) reg ion .  The p i s t o n ,  c y l i n d e r ,  and thermocouple 
assembly are a t t ached  t o  a 0.95 c m .  i n s i d e  diameter  f l e x i b l e  i n e t a l l i c  hose,  
and i s  guided i n t o  the  capsule  by a 2.5 cm. i n s i d e  diameter  f l e x i b l e  
1 
0 
5 
metal l ic  hose .  During replacement of the  RRTC, t h e  0.95 c m .  d iameter  f l e x i b l e  
m e t a l l i c  hose,  t h e  p i s t o n ,  and the  c y l i n d e r  a r e  r ep laced  wi th  a new assembly. 
Two chromel-alumel (CIA)  thermocouples a r e  included i n  the  c a p s u l e .  
These two ba re  w i r e  thermocouples a r e  welded t o  s t a i n l e s s  s tee l  r i n g s  on two 
of t h e  small 0.318 cm. o u t s i d e  diameter  TalO%W tubes  which guide the  W/Re t h e r -  
mocouples i n t o  t h e  t e s t  c a v i t y .  These a r e  v i s i b l e  i n  F ig .  2 .  The r i n g s  a re  
loca ted  such t h a t  t h e i r  temperature  i s  approximately one-half  of  t h e  test  cav- 
i t y  tempera ture .  S ince  C I A  thermocouples a re  n o t  expected t o  be a f f e c t e d  by 
t h e  magnitude of nuc lea r  r a d i a t i o n  i n  t h i s  experiment 2oJ21, they  se rve  a s  a 
backup f o r  t h e  RRTC t o  determine t h e  capsu le  tempera ture .  
I n - P i l e  Operat ion 
A ske tch  of  t h e  capsu le  i n  NASA's 60 megawatt thermal  t e s t  r e a c t o r  
i s  shown i n  F ig .  5. This  r e a c t o r  i s  p res su r i zed  a t  150 p s i g ,  and water cooled.  
The capsule  i s  l o c a t e d  i n  t h e  r e f l e c t o r  s e c t i o n  of t h e  co re .  
-The capsule  i s  hea ted  dur ing  r e a c t o r  o p e r a t i o n  by gamma energy absorbed 
i n  t h e  wal l s  of t h e  t es t  c a v i t y .  The temperature  i s  manually a d j u s t e d  by two 
means: (1) by remotely vary ing  t h e  p o s i t i o n  of t h e  capsule  i n  t h e  core .  I n  
a d d i t i o n  t o  changing t h e  ga.mma h e a t i n g  ra te  a t  the  t e s t  c a v i t y ,  t h i s  a l s o  
v a r i e s  t h e  neut ron  f l u x  a t  t h e  thermocouples;  (2) by changing t h e  i n e r t  gas  
surrounding the  t es t  c a v i t y ,  as p rev ious ly  noted .  Th i s  adjustment  varies t h e  
temperature  of  t h e  tes t  c a v i t y  wi thout  changing the  neut ron  f l u x .  
The e lec t r ica l  h e a t e r  s e rves  s e v e r a l  purposes:  (1) it provides  a means 
of  ou t -gass ing  t h e  capsule  a f t e r  f a b r i c a t i o n ,  (2) it provides  a means f o r  
checkout of t h e  capsu le  a t  h igh  temperatures  p r i o r  t o  i n s t a l l a t i o n  i n  t h e  r eac -  
t o r  c o r e ,  and ( 3 )  it provides  a means of performing a c a l i b r a t i o n  of t h e  t h e r -  
mocouples i n  the  capsule  dur ing  r e a c t o r  shutdown c y c l e s .  
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Out-of-Pi le  Apparatus 
A s k e t c h  of t h e  o u t - o f - p i l e  t e s t  furnace  i s  shown i n  F i g .  6.  Seven 
W/Re thermocouples e n t e r  h o l e s  d r i l l e d  i n t o  a tan ta lum block. 
t i o n s )  o f  t h e  thermocouples a r e  p o s i t i o n e d  i n  t h e  d r i l l e d  h o l e s  so t h a t  a b lack  
body h o l e  i s  formed w i t h  a l e n g t h  t o  d iameter  r a t i o  (L/d) o f  6 t o  8. A tungs-  
t e n  mesh h e a t e r  surrounds t h e  t e s t  area. Two r a d i a t i o n  h e a t  s h i e l d s  around 
t h e  h e a t e r  and several r a d i a t i o n  h e a t  s h i e l d s  a t  each end reduce l o s s e s  and 
maintain t h e  t es t  area a t  a uniform temperature .  
The ends  ( junc-  
Out-of-Pi le  Operat ion 
-5 The furnace i s  opera ted  a t  a p r e s s u r e  o f  < 10 t o r r  (equiva len t  n i t r o g e n  
pressure)  dur ing  t h e  i n i t i a l  h e a t i n g  of the system. A f t e r  a bake-out a t  a 
pressure  o f  < 10 t o r r  f o r  24 h o u r s ,  t h e  furnace i s  b a c k - f i l l e d  and opera ted  
wi th  h igh  p u r i t y  hel ium gas .  
-6 
The temperature  of  t h e  tes t  area i s  c o n t r o l l e d  by t h e  e lec t r ica l  i n p u t  
power t o  t h e  h e a t e r .  A welding t ransformer  s u p p l i e s  t h e  low-voltage h igh-  
c u r r e n t  r e q u i r e d  by t h e  heater.  The i n p u t  v o l t a g e  t o  t h e  welding t ransformer  
i s  a d j u s t e d  by a v a r i a b l e  au to t ransformer .  The i n p u t  v o l t a g e  t o  t h i s  a u t o -  
t ransformer i s  r e g u l a t e d  t o  w i t h i n  2 1/4% by a n  au tomat ic  l i n e  v o l t a g e  r e g u l a -  
t o r .  There i s  no feedback c o n t r o l  c i r c u i t  from t h e  test a r e a  temperature  t o  
t h e  l i n e  v o l t a g e  r e g u l a t o r  - none i s  r e q u i r e d  s i n c e  t h e  v a r i a t i o n  i n  tempera- 
t u r e  is u n d e t e c t a b l e  from week t o  week wi thout  making ad jus tments  o f  t h e  input  
power t o  t h e  system. 
The j a c k e t  and t h e  f l a n g e s  o f  t h e . f u r n a c e  are  cooled by flowing water 
through copper tub ing  brazed t o  t h e i r  s u r f a c e s .  Ins t rumenta t ion  monitors  t h e  
water temperature ,  water flow, water p r e s s u r e ,  gas  p r e s s u r e ,  t e s t  a r e a  temper- 
a t u r e ,  h e a t e r  c u r r e n t  , and s e v e r a l  furnace s u r f a c e  tempera tu !  e s .  Slititdown of  
t h e  furuacr occurs  i f  l i m i t s  are exceeded. 
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Out - o f - P i l e  C a l i b r a t i o n  Technique 
The tempera ture  o f  each thermocouple i s  measured by s i g h t i n g  a n  o p t i c a l  
pyrometer through t h e  prism and q u a r t z  window a t  t h e  bottom f l a n g e  of  t h e  
furnace i n t o  t h e  b lack  body h o l e  formed a t  each thermocouple j u n c t i o n .  D i s -  
t i n g u i s h a b l e  
h o l e s .  Therefore ,  t he  temperature  d i f f e r e n c e  between thermocouple j u n c t i o n s  
i s  i n s i g n i f i c a n t .  
temperature  d i f f e r e n c e s  d i d  n o t  e x i s t  between t h e s e  b lack  body 
To determine t h e  temperature  of  t h e  thermocouples,  t h e  average  of  a t  
least  18 o b s e r v a t i o n s  on a t  least  t h r e e  b lack  body h o l e s  taken  by two 
observers  i s  used. 
A s h u t t e r  i n  f r o n t  o f  t h e  q u a r t z  window i n s i d e  of  t h e  furnace prevents  
d e p o s i t s  from forming on the window. Occas iona l ly ,  when t h e  furnace  i s  s h u t  
down, t h e  window i s  removed and i t s  c a l i b r a t i o n  checked. The c a l i b r a t i o n  w a s  
always found t o  be  unchanged. L 
THERMOCOUPLES TESTED 
A l l  o f  t h e  W/Re thermocouples t e s t e d  t o  d a t e  w e r e  purchased from one 
s u p p l i e r .  These are commercial thermocouples,  processed and t e s t e d  by t h e  
s u p p l i e r  t o  m e e t  N A S A ' s  p h y s i c a l  requirements .  
S i x  of  t h e  seven thermocouples t e s t e d  i n  t h e  o u t - o f - p i l e  furnace  a r e  from 
t h e  same b a t c h  as t h o s e  i n  t h e  i n - p i l e  capsule .  
i n  t h e  c a p s u l e  were s e l e c t e d  a t  random. One of  t h e  thermocouples i n  t h e  o u t -  
o f - p i l e  furnace i s  from a previous b a t c h ,  manufactured approximately one y e a r  
The thermocouples i n s t a l l e d  
ear l ie r .  
s u p p l i e r ,  i s  l i s t e d  i n  Table  I. 
The t y p i c a l  d a t a  f o r  both ba tches  of  thermocouples,  provided by t h e  
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TEST CONDITIONS 
Temperature 
The thermocouples i n  t h e  o u t - o f - p i l e  furnace  served as c o n t r o l s  f o r  t h e  
thermocouples i n - p i l e .  The fu rnace ,  t h e r e f o r e ,  followed t h e  temperature  h i s t o -  
r y  of t h e  i r r a d i a t e d  thermocouples,  i nc lud ing  unexpected r e a c t o r  shutdowns. 
The nominal i r r a d i a t i o n  tempera ture ,  c a l l e d  t h e  "soaking" tempera ture ,  
0 0 w a s  chosen t o  be 2073 K. However, a nominal i r r a d i a t i o n  tempera ture  of  1873 K 
was chosen f o r  t h e  f i r s t  r e a c t o r  cyc le  f o r  checkout of  t h e  experiment.  L a t e r  
during the  i r r a d i a t i o n  t h e  temperature  w a s  a g a i n  lowered t o  a nominal 1873 K 
t o  determine i f  a dec rease  of  200 K s i g n i f i c a n t l y  changed t h e  observed e f f e c t s .  
Therefore ,  t h e  soaking temperature  ranged between approximately 1900 K and 
0 
0 
0 
2100'K. 
Atmosphere 
The thermocouples i n - p i l e  and o u t - o f - p i l e  ope ra t e  i n  a n  i n e r t  gas  
N 2 ,  and H20 < 3 ppm. 2, environment wi th  t o t a l  i m p u r i t i e s  of 0 
Nuclear Radia t ion  
The nominal thermal  and f a s t  (E > 0.18 MeV) neut ron  f l u x  a t  t h e  l o c a t i o n  
14 2 
The nominal gamma hea t ing  rate i s  
of t h e  thermocouple tempera ture  g r a d i e n t  i s  1.6 x 10 neutrons/cm -sec  and 
3.5 x 2 neutrons/cm -sec r e s p e c t i v e l y .  
. 6 watts/gm. 
EXPERIMENTAL RESULTS 
I n i t i a l  I n - P i l e  Data 
During t h e  i n i t i a l  hea t -up  of  t h e . c a p s u l e  i n - p i l e ,  t h e  tempera ture  i n d i -  
ca ted  by each thermocouple w a s  compared t o  t h e  average temperature  i n d i c a t e d  
by a l l  thermocouples. The d e v i a t i o n s  were bounded, and the r e s u l t s  are  shown 
i n  F igs .  7 and 8 f o r  t h e  e l e c t r i c a l l y - h e a t e d  and gamma-heated mode o f  opera-  
t i o n  r e s p e c t i v e l y .  The l i m i t  of  e r r o r  band s p e c i f i e d  by t h e  manufacturer  f o r  
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t h e  thermocouple w i r e  i s  a l s o  shown i n  t h e s e  f i g u r e s .  I f  i t  i s  assumed, f o r  
t h e  moment, t h a t  t h e  average  ind ica t ed  tempera ture  i s  t h e  t r u e  temperature  
( t h i s  w i l l  be argued l a t e r ) ,  t hen  t h e  l i m i t  of e r r o r  band i s  t h e  maximum expec- 
t e d  temperature  d e v i a t i o n  f o r  t h e  thermocouples.  With t h e  except ion  of  one 
thermocouple i n  F i r .  8 ,  t h e  inaccuracy  o f  t h e  thermocouples i s  wi th in  the  
l i m i t  of e r r o r .  
The d e v i a t i o n  i n  temperature  between thermocouples i n c r e a s e s  when gamma 
hea t ing  t h e  t es t  c a v i t y  because t h e  g a m  f i e l d  i s  uneven, and e r r o r s  caused 
by s l i g h t  d i f f e r e n c e s  i n  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  between thermo- 
couples  tend t o  be magnified due t o  t h e  i n t e r n a l  h e a t  genera ted  w i t h i n  each 
device .  
The d e v i a t i o n  of  t h e  thermocouple i n  F ig .  8 which p a r t i a l l y  l ies  o u t s i d e  
t h e  l i m i t  of e r r o r  band does no t  appear  t o  be a f f e c t e d  t o  any g r e a t e r  degree 
wi th  i n c r e a s i n g  temperature  than  t h e  o t h e r  thermocouples.  It i s  t h e r e f o r e  
h igh ly  probable  t h a t  i t s  g r e a t e r  d e v i a t i o n  from t h e  average  temperature  i s  
caused by inhomogeneity of t h e  thermoelements.  
thermocouples,  which w a s  performed a t  tempera tures  between 1100 K and 1700 K, 
a l s o  suppor t s  t h i s  conclus ion .  
The i n i t i a l  c a l i b r a t i o n  of  t he  
0 0 
Also  du r ing  the  i n i t i a l  hea t -up  of  t h e  capsule  i n - p i l e ,  t h e  C/A thermo- 
couples  were c o r r e l a t e d  t o  t h e  average W/Re thermocouple and RRTC temperature .  
I n i t i a l  Out -of -Pi le  Data 
During t h e  i n i t i a l  heat-up o f  t h e  o u t - o f - p i l e  furnace ,  t he  temperature  i n -  
d i c a t e d  by each thermocouple w a s  compared t o  t h e  o p t i c a l  temperature  of t h e  
b lack  body h o l e s .  
i n  F ig .9 .  The l i m i t  of  e r r o r  band s p e c i f i e d  by t h e  manufacturer  f o r  t h e  t h e r -  
mocouple w i r e  i s  a l s o  shown i n  t h i s  f i g u r e .  The inaccuracy  of a l l  t h e  thermo- 
couples  i s  w i t h i n  t h e  l i m i t  of e r r o r .  
The d e v i a t i o n s  were bounded, and t h e  r e s u l t s  are shown 
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Since s i x  of t h e  thermocouples i n  t h e  furnace  are from the  same b a t c h  as 
t h e  thermocouples i n - p i l e ,  it i s  h igh ly  probable  t h a t  t h e  inaccuracy of  t h e  i n -  
p i l e  thermocouples a t  t he  s ta r t  of t h e  i r r a d i a t i o n  w a s  less than t h e  l i m i t  of 
e r r o r .  Thus, a t  t h e  s t a r t  of  t h e  experiment ,  a l l  thermocouples appa ren t ly  i n -  
d i ca t ed  c o r r e c t  t empera ture ,  and t h e  appa ra tus  des igns  proved s a t i s f a c t o r y .  
5000 Hour I n - P i l e  Data 
The temperature  h i s t o r y  of t h e  W/Re thermocouples i s  shown i n  F ig .  10. 
0 0 The soaking temperature  v a r i e d  between approximately 1900 K and 2100 K. A 
curve i n d i c a t i n g  t h e  soaking t i m e  a t  t h e s e  temperatures  i s  a l s o  shown i n  F ig .  
10. 
s u l e  temperature  w a s  below 373 IC. During t h e s e  t i m e s ,  t h e  r e a c t o r  w a s  s h u t  
down f o r  r e f u e l i n g .  
The neut ron  f l u x  was e s s e n t i a l l y  z e r o  dur ing  t h e  per iods  of  t i m e  t h e  cap- 
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A l l  seven W/Re thermocouples were s t i l l  ope ra t ing  a f t e r  5000 hours  i r r a d -  
i a t i o n  a t  t h e  soaking tempera ture .  Throughout t h e  i r r a d i a t i o n ,  t h e  d e v i a t i o n  
i n  ind ica t ed  temperature  among t h e s e  thermocouples w a s  less than  t 10 K .  
The d e c a l i b r a t i o n  curves  which fo l low are t h e  r e s u l t  of averaging t h e  seven 
0 
W/Re thermocouple i n d i c a t e d  tempera t ure  s . 
The RRTC p rev ious ly  desc r ibed  i s  a W/Re thermocouple used t o  de te rmine  
t h e  temperature  of t h e  seven thermocouples under test .  S ince  it a l s o  s u f f e r s  
r a d i a t i o n  damage, it w a s  r ep laced  f i v e  t i m e s  dur ing  t h e  5000 hour  i r r a d i a t i o n .  
Each t i m e ,  a new c a l i b r a t e d  RRTC w a s  i n s t a l l e d  i n  t h e  capsule  and t h e  d r i f t  of 
t h e  seven W/Re thermocouples w a s  measured. 
thermocouples w a s  checked s i n c e  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  cap -  
s u l e  may have changed wi th  t i m e .  The c a l i b r a t i o n  w a s  performed us ing  both  
gamma hea t ing  and e l e c t r i c a l  h e a t i n g  of  t h e  tes t  c a v i t y .  The curves  genera ted  
from the  gamma hea t ing  d a t a  are shown i n  F i g ,  11. 
A l s o ,  t h e  c o r r e l a t i o n  of t h e  C/A 
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The curves  i n  F i g .  11 were c r o s s - p l o t t e d  t o  y i e l d  t h e  W/Re thermocouple 
d e c a l i b r a t i o n  ve r sus  i r r a d i a t i o n  t i m e .  F igu re  1 2  shows t h e  average  d e c a l i b r a -  
t i o n  f o r  test  tempera tures  of  2073 K, 1 6 7 3 O K ,  and 1 2 7 3 O K .  
observed i n  i n t e r p r e t i n g  t h e s e  cu rves ,  s i n c e  t h e  e f f e c t  a t  o t h e r  soaking t e m -  
p e r a t u r e s  i s  unkno-ai. The curves  a re  s i g n i f i c a n t ,  however, because p r a c t i c a l  
a p p l i c a t i o n s  o f t e n  r e q u i r e  thermocouple d r i f t  in format ion  a t  tempera tures  
o t h e r  t han  t h e  soaking tempera ture  du r ing  an i r r a d i a t i o n  t o  de te rmine  t h e  over -  
a l l  performance of  the exper iment ,  o r  f o r  s p e c i a l  tests.  
0 Caut ion  must be 
The C/A thermocouple d a t a  was used t o  determine t h e  c a p s u l e  temperature 
between replacements of  t h e  RRTC. 
W/Re thermocouple d r i f t ,  and is  i n d i c a t e d  f o r  t h e  2 0 7 3 ' K  curve i n  F i g .  1 2 .  
Some o f  t h i s  d a t a  w a s  used i n  p l o t t i n g  t h e  
The d r i f t  i n d i c a t e d  i n  F ig .  11 and F i g .  1 2  i s  the r e s u l t  o f  a l l  f a c t o r s  
a f f e c t i n g  thermocouple performance. The r a d i a t i o n  e f f e c t s  can be sepa ra t ed  
and are p resen ted  l a te r  i n  t h i s  r e p o r t .  
S ince  t h e  experiment w a s  n o t  te rmina ted  a f t e r  5000 hours i r r a d i a t i o n ,  the 
thermal and f a s t  (E > 0.18 MeV) neu t ron  f luence  r ece ived  by t h e  W/Re thermo- 
couples  i n  t h e  tempera ture  g r a d i e n t  zone was e s t ima ted  f o r  t h i s  r e p o r t ,  and i s  
p l o t t e d  i n  F i g .  12 .  
5000 Hour Out -of -Pi le  Data 
The tempera ture  h i s t o r y  of  t h e  o u t - o f - p i l e  W/Re thermocouples i s  t h e  same 
as f o r  t h e  i n - p i l e  thermocouples shown i n  F ig .  10,  w i t h  t h e  excep t ion  tha t  a l l  
pe r iods  of t i m e  a t  tempera tures  less than  373 K were shor tened  t o  approximate- 
l y  16 hours s i n c e  s i g n i f i c a n t  ag ing  of t h e  thermocouple does n o t  occur  a t  such 
low tempera tures .  
0 
Six  of  t h e  seven W/Re thermocouples were s t i l l  o p e r a t i n g  a f t e r  5000 hours 
a t  t h e  soaking tempera ture .  
i n - p i l e  thermocouples f a i l e d  by open c i r c u i t  of t h e  W3XRe l e g  a f t e r  1515 hours .  
One W/Re thermocouple from t h e  same ba tch  as t h e  
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Throughout t h e  o u t - o f - p i l e  temperature  soak,  t h e  d e v i a t i o n  i n  i n d i c a t e d  temper- 
a t u r e  among t h e  o p e r a t i n g  thermocouples was less t h a n  -+_ 10 K. 
t i o n  curves which fo l low are t h e  r e s u l t  of  averaging  t h e  o p e r a t i n g  W/Re thermo- 
couple i n d i c a t e d  temperatures .  
0 The d e c a l i b r a -  
C a l i b r a t i o n  of  t h e  W/Re thermocouples w a s  performed r o u t i n e l y  every 500 
hours ,  and more f r e q u e n t l y  i f  a l a r g e  d r i f t  w a s  no ted .  Only t h e  d a t a  taken  
when s i g n i f i c a n t  d r i f t  occur red  w a s  used to p l o t  t h e  d e c a l i b r a t i o n  curves  f o r  
t h e s e  thermocouples shown i n  F i g .  13. 
The curves  o f  Fig.  13 were c r o s s - p l o t t e d  t o  y i e l d  t h e  W/Re thermocouple 
d e c a l i b r a t i o n  vs. t i m e .  F i g u r e  14 shows t h e  r e s u l t s  f o r  tes t  temperatures  o f  
2073'K, 1673'K, and 1273'K. 
temperatures  i s  unknown t h u s  r e q u i r i n g  c a r e f u l  i n t e r p r e t a t i o n  o f  t h e s e  curves.  
Radia t ion  E f f e c t s  
A s  caut ioned before ,  t h e  d r i f t  a t  o t h e r  soaking 
The d r i f t  i n  emf o f  the W3%Re/W25%Re thermocouples due only  t o  n u c l e a r  1 
0 0 r a d i a t i o n  when temperature  soaked between approximately 1900 K and 2100 K can 
be determined by s u b t r a c t i n g  t h e  curves of F i g .  14 from t h o s e  o f  F i g .  12.  The 
0 
r e s u l t  i s  shown i n  F i g .  15 f o r  t es t  temperatures  o f  2073'K, 1673 K, and 1273 
0 
K, and a p p l i e s  when gamma h e a t i n g  t h e  t e s t  c a v i t y .  
A curve s imilar  t o  F i g .  15 can be p l o t t e d  from t h e  d a t a  taken  when 
e l e c t r i c a l l y  h e a t i n g  t h e  test c a v i t y .  The r e s u l t s  a r e  shown i n  F i g .  16. The 
curve f o r  2073 K i s  dashed t o  i n d i c a t e  i t  i s  c r o s s - p l o t t e d  from a n  extra- 
pola ted  curve .  
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DISCUSSION OF RESULTS 
Inhomogeneity o f  t h e  thermoelements, caused by n u c l e a r  r a d i a t i o n  and chem- 
i c a l  composition changes,  r e s u l t s  i n  thermocouple d r i f t  only when such e f f e c t s  
22 a r e  p r e s e n t  i n  t h e  tempera ture  g r a d i e n t  a long  t h e  l e n g t h  4,f Lhe thermocouple . 
Thus, t h e  measured  d r i f t  of thermocouples which are  n o t  homogeneous depends 
13 
upon t h e  t es t  cond i t ions .  
Consider ing the  above, i t  i s  n o t  s u r p r i s i n g  t o  d i scove r  t h a t  t h e  measured 
d e c a l i b r a t i o n  of t h e  W/Re thermocouples i n - p i l e  i s  d i f f e r e n t  when e l e c t r i c a l l y  
hea t ing  t h e  tes t  c a v i t y  (F ig .  16) t han  when gamma hea t ing  t h e  test  c a v i t y  
(Fig. 15). When e l c c t - r i c a l  h e a t i n g  i s  employed, t h e  l eng th  of t h e  tempera- 
t u r e  g r a d i e n t  is  apprt)ximately 3 cm. as  i n d i c a t e d  i n  F i g .  1. When gamma h e a t -  
ing i s  employed, t h e  i n t e r n a l  h e a t  g e n e r a t i o n  w i t h i n  t h e  material causes  a 
d i f f e r e n t  temperature  d i s t r i b u t i o n  a long  t h e  thermocouple. E s s e n t i a l l y  t h e  
l eng th  of  t h e  temperature  g r a d i e n t  i s  shor tened  (perhaps only  a few m i l l i -  
meters) when gamma hea t ing  t h e  t e s t  c a v i t y .  A concise  exp lana t ion  f o r  t h e  
d i r e c t i o n  and magnitude of  t h e  s h i f t  i s  n o t  forthcoming because several e f -  
f e c t s  are p resen t .  Some of  t h e s e  e f f e c t s  are opposing,  and t h e  magnitude of 
each i s  unknown. 
l i s t e d  and d i scussed  below. 
Though somewhat academic, t h e  most probable  e f f e c t s  are  
1. F a s t  Neutron Damage: F a s t  neut ron  damage may cause vacancy c l u s t e r s  
o r  d i s l o c a t i o n s  i n  t h e  metal2', r e s u l t i n g  i n  changes i n  t h e  emf ou tpu t  of t h e  
thermocouple much t h e  same as cold-working. have i n d i c a t e d  t h a t  
cold-worked W/Re thermoelements produce a lower emf ou tpu t  when compared t o  an-  
24 nealed thermoelements. Experimental  evidence i n d i c a t e s  t h a t  some f a s t  neu- 
t r o n  damage may r e s u l t  a t  lo2' neutrons/cm2, and s i g n i f i c a n t  d e c a l i b r a t i o n  of 
W/Re thermocouples occurs  a t  lo2' neutrons/cm . 
s o l u t e  mel t ing  t e m p e r a t ~ r e ~ ~  tends  t o  s e l f  -anneal  t h e  thermoelements. 
2 Operat ion above 0.6 of t he  ab-  
However, 
f a s t  neut ron  damage may exis t  i n  t h e  lower temperature  r eg ion  of  t he  tempera- 
t u r e  g r a d i e n t  where se l f - annea l ing  cannot  occur .  The re fo re ,  e l e c t r i c a l l y  h e a t -  
ing  t h e  test  c a v i t y  may r e s u l t  i n  an inc reased  emf ou tpu t  because of t h e  move- 
ment of  t h e  temperature  g r a d i e n t  a s  d i scussed  above, and t h e  r e s u l t i n g  i n t r o -  
duc t ion  o f  a d d i t i o n a l  s e l f - annea led  thermoelements i n t o  t h e  temperature  
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g r a d i e n t .  The n e t  e f f e c t  i s  a smaller measured d r i f t  s i n c e  t h e  emf ou tpu t  vs. 
temperature  of t h e  thermocouples had decreased  dur ing  t h e  i r r a d i a t i o n .  
2. Transmutation: During t h e  i r r a d i a t i o n ,  t h e  thermal  neut ron  f l u x  i s  
es t imated  t o  dec rease  20% a long  t h e  l e n g t h  of  t h e  temperature  g r a d i e n t  ( t h e  
l a r g e r  va lue  being n e a r e r  t h e  tes t  c a v i t y ) .  Consider ing t h i s ,  e l e c t r i c a l l y  
hea t ing  the  test  c a v i t y  may r e s u l t  i n  a decreased emf ou tpu t  v s .  t empera ture  
because of t h e  movement of t h e  tempera ture  g r a d i e n t  p rev ious ly  d i scussed ,  and 
t h e  i n t r o d u c t i o n  of  a d d i t i o n a l  transmuted thermoelements i n t o  t h e  temperature  
g r a d i e n t .  
3 .  Chemical Composition Changes : A s  d i scussed  by G l a ~ e ~ ~  and o t h e r s ,  
s e v e r a l  mechanisms un re l a t ed  t o  n u c l e a r  environments may cause  chemical compo- 
s i t i o n  changes t o  t h e  thermoelements. The r e s u l t i n g  inhomogeneity may change 
t h e  emf ou tpu t  vs .  temperature  of  t h e  thermocouple. The mechanisms which 
implement such conqmsition changes are:  &l d i f f u s i o n  of s o l i d s  which _1 
pr imar i ly  aEfec t  the  thermoelements a d j a c e n t  t o  t h e  i n i t i a l  l o c a t i o n  of t h e  
s o l i d ;  (2) d i f f u s i o n  of gases  (which may be formed by v a p o r i z a t i o n  of material 
i n  t h e  h igh  temperature  reg ion)  and t h e  subsequent condensat ion and/or  
combination wi th  materials i n  a c o o l e r  r eg ion ,  t h u s  a f f e c t i n g  t h e  thermo- 
elements  a t  a l o c a t i o n  removed from t h e  i n i t i a l  sou rce ;  and ( 3 )  s e l e c t i v e  
evapora t ion  of  a n  a l l o y  c o n s t i t u e n t  from t h e  thermoelements.  Many chemical 
composition e f f e c t s  could be theo r i zed  which would r e s u l t  i n  e i t h e r  an  
inc reased  o r  a decreased emf ou tpu t  vs. tempera ture .  Experimental  d a t a  i s  n o t  
a v a i l a b l e  which c l e a r l y  i n d i c a t e s  a t r end  o r  t h e  magnitude of d r i f t  under 
t h e s e  c o n d i t i o n s ,  
The s i g n i f i c a n t  tempera ture  g r a d i e n t  i n  t h e  out  -of - p i l e  furnace  occurs  
a long  a 15 c m .  thermocouple l eng th .  The l o c a t i o n  of  t h i s  temperature  g r a d i e n t  
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d i d  n o t  change dur ing  t h e  5000-hour t e s t .  
longer  than  t h e  3 c m .  i n - p i l e  temperature  g r a d i e n t ,  t h e  o u t - o f - p i l a  d r i f t  
i s  assumed t o  be independent oE t h e  l e n g t h  of  t h e  temperature  g r a d i e n t  over  
t h i s  range.  
Though t h i s  t e m p e r a t u r e  g r a d i e n t  i s  
The deca1ibra t io . i  curves  f o r  t h e  thermocouples i n  a n u c l e a r  environment 
(Figs .  12,  15,  and 16) appear  t o  have t h e  form of a t h i r d  o r d e r  e q u a t i o n .  A l l  
d a t a  from t h e  i r r a d i a t i o n  was eva lua ted  t o  determfne i f  t h e  ins t rumenta t ion  o r  
i f  changes w i t h i n  t h e  capsule  caused e r r o r s  i n  de te rmining  t h e  tempera- 
t u r e  of  t h e  W/Re thermocouples under t e s t .  
which i s  t h e  C/A thermocouple informat ion ,  c l e a r l y  suppor t  t h e  r e s u l t .  
A l l  d a t a ,  t h e  most s i g n i f i c a n t  of  
The d r i f t  of  synthes ized  W/W25%Re thermocouples r e p o r t e d  by Kuhlman12 f o r  
neutrons/cm2-sec when 14 simulated i r r a d i a t i o n s  of  0 .5 ,  1, 3,  and 6 months a t  10 
p l o t t e d  f o r  temperatures  between 1500°K and 2200°K, r e s u l t s  i n  a t h i r d  o r d e r  
curve  s imilar  t o  Fcg. 15  and F i g .  16. Other  work by Funston & Kuhlman 13 , i 
14 Carpenter ,  e t  a120, and P r a t t  
t o  be much more l i n e a r .  
Kuhlman's i n v e s t i g a t i o n s ,  t h e  s t u d i e s  reviewed d i d  n o t  provide cont inuous 
d r i f t  d a t a .  Therefore ,  f luences  where f a c t o r s  may cause  a b r u p t  changes i n  t h e  
emf output  vs.  temperature  may n o t  have been d iscovered .  
r e p o r t  t h e  d e c a l i b r a t i o n  vs.  neut ron  f luence  
With t h e  except ion  o f  C a r p e n t e r ' s  and p a r t  of  
An e x p l a n a t i o n  f o r  t h e  behavior  of  t h e  measured d e c a l i b r a t i o n  i s  n o t  
forthcoming, and t i m e  has n o t  y e t  permi t ted  a d e t a i l e d  s t u d y .  F u t u r e  i n v e s t i -  
g a t i o n  a f t e r  t h e  i r r a d i a t i o n  i s  te rmina ted  may r e v e a l  t h e  mechanisms a t  work. 
A t  t h e  p r e s e n t  t i m e ,  t h e  a u t h o r s  c o n j e c t u r e  t h a t  one o r  both of  t h e  fol lowing 
are t h e  probable  causes .  
1. The emf e r r o r  of  W3%Re/W25%Re thermoelements c o n t i n u a l l y  changes non- 
l i n e a r l y  a s  t h e  percentages of t u n g s t e n ,  rhenium, and osmium c o n t i n u a l l y  
change dur ing  t h e  i r r a d i a t i o n  due t o  neut ron  c a p t u r e  and t h e  subsequent decay 
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t o  new n u c l i d e s .  
2 .  Transmuted i m p u r i t i e s  i n  t h e  thermocouple assembly a f f e c t  thermo- 
couple performance whereas t h e  o r i g i n a l  impur i ty  had a l e s s e r  e f f e c t  o r  no 
e f f e c t  a t  a l l .  
9 Since  W372e/W257&e was found t o  be s t a b l e  i n  i n e r t  environments , t h e  
d r i f t  of t h e  o u t - o f - p i l e  thermocouples must be a t t r i b u t e d  t o  chemical o r  
phys ica l  e f f e c t s .  The most probable  cause i s  chemical composition changes due 
t o  impur i t i e s  i n  t h e  i n s u l a t o r ,  shea th ,  o r  on t h e  w i r e .  Apparent ly ,  a f t e r  a p -  
proximately 2000 hours  t h e s e  i m p u r i t i e s  are g e t t e r e d  o r  d i f f u s e  t o  some o t h e r  
l o c a t i o n  where they  no longer  a f f e c t  t h e  emf output  as i n d i c a t e d  i n  F i g .  1 3 .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  one W/Re thermocouple i n  t h e  ou t -o f -  
p i l e  furnace  which w a s  from an  ea r l i e r  ba t ch  d e c a l i b r a t e d  t h e  same amount as 
t h e  o t h e r  W/Re thermocouples i n  t h e  furnace .  This  sugges t s  t h a t  t h e  perform- 
ance of  o t h e r  W/Re-thermocouples manufactg$gd by t h i s  same s u p p l i e r  may be _1 
p r e d i c t a b l e .  
ERROR ANALYSIS 
The e r r o r  i n  determining t h e  i n - p i l e  thermocouple d r i f t  c o n s i s t s  o f :  
1. Er ro r  i n  measuring t h e  emf ou tpu t  of t h e  thermocouple, 
2.  E r r o r  i n  de te rmining  changes i n  t h e  r e f e r e n c e  j u n c t i o n  emf, and 
3 .  Fac to r s  w i t h i n  t h e  capsu le  which change t h e  h e a t  t r a n s f e r  c h a r a c t e r i s -  
t i c s  between t h e  RRTC, t h e  C I A  thermocouples,  and t h e  W/Re thermocouples,  
r e s u l t i n g  i n  sys t ema t i c  e r r o r s .  
0 
The maximum es t imated  e r r o r  f o r  i t e m s  1 and 2 above i s  2 5 K. The e r r o r  
due t o  t h e  f a c t o r s  noted i n  i t e m  3 cannot be d i r e c t l y  determined but  i s  judged 
not  t o  exceed 2 20 K. 
ning the  i n - p i l e  thermocouple d r i f t  i s  -+_ 25 K.  
0 There fo re ,  t he  t o t a l  maximum es t imated  e r r o r  i n  de te rmi-  
0 
The e r r o r  i n  determining t h e  o u t - o f - p i l e  thermocouple d r i f t  c o n s i s t s  o f :  
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1. The inaccuracy of t he  o p t i c a l  pyrometer measurement. 
2 .  The change i n  t ransmiss ion  of t he  q u a r t z  window i n  t h e  fu rnace ,  and 
3 .  The e r r o r  i n  assuming the  b lack  body h o l e s  formed a t  t h e  t i p  of each 
thermocouple have an  e m i s s i v i t y  of 1.0.  
The on ly  s i g r , i f i c % n t  e r r o r  i n  the  above i s  i t e m  1. The maximum es t ima ted  
e r r o r  i s  
t i o n a l  t o l e r a n c e s  a t  i n t e rmed ia t e  va lues .  
9'K a t  l l O O ° K ,  2 6OK a t  1400°K, and 4- - 17'K a t  2600°K wi th  propor-  
The es t imated  thermal  and f a s t  (E > 0.18 MeV) neu t ron  f l u x  and f luence  a t  
t h e  l o c a t i o n  of t h e  thermocouple tempera ture  g r a d i e n t  i s  based on dosimetry 
us ing  a mockup capsule  i r r a d i a t e d  i n  a c r i t i c a l  f a c i l i t y ,  The u n c e r t a i n t y  i n  
t h e s e  measurements i s  a f a c t o r  of  2 w i t h  95% conf idence .  A f t e r  t h e  i r r a d i a -  
t i o n  i s  te rmina ted ,  the  neut ron  f luence  w i l l  be determined wi th  less unce r t a in -  
t y  from t h e  dosimeter  wires i n  the  capsule .  
c ONC LUS IONS 
1. Presen t  s t a t e - o f  - t h e - a r t  i?372Re/W257&e sheathed thermocouples undergo 
a nega t ive  d r i f t  ( i , e . ,  produce a lower emf ou tpu t  f o r  a given temperature)  of 
55'K t o  60°K a t  2073'K i n  t h e  f i r s t  2000 hours  when soaking a t  temperatures  
between 1900 K and 2100 K i n  a non-nuclear  i n e r t  gas  environment.  0 0 
2. The above thermocouples undergo s i g n i f i c a n t  d r i f t  when soaking a t  
0 0 
t empera tures  between 1900 K and 2100 K i n  a nuc lea r  environment wi th  thermal 
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and f a s t  (E > 0.18 MeV) neut ron  f luences  of  2 x LO2' neutrons/cm2 and 4 x 10 
2 neutronslcm r e s p e c t i v e l y .  The d r i f t  vs. f luence  appea r s  t o  fol low t h e  form 
of a t h i r d  o r d e r  equa t ion ,  w i th  nega t ive  and p o s i t i v e  d r i f t s  occur r ing  dur ing  
2 1  
t h e  i r r a d i a t i o n .  A f t e r  approximately 10 neutrons/cm2 ( thermal ) ,  t he  d r i f t  
became i n c r e a s i n g l y  nega t ive ,  reaching  130 K a t  2073 K. 0 0 
3. The range i n  d r i f t  f o r  both groups of W/Re thermocouples t e s t e d  w a s  
less than  t 1O0K. 
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4 .  The ultimate lifetime (time t o  catastrophic failure) of the thermo- 
couples tested has not been determined, but exceeds 5000 hours at operating 
temperatures between 1900°K and 2100'K. 
5. W/Re thermocouples of the type tested should not be used in irradia- 
2 tion experiments when the thermal neutron fluence exceeds 1 x lo2' neutrons/cm 
if highly accurate temperature measurements are required. 
6 .  In this experiment, chromel-alumel thermocouples, correlated to 
tungsten-rhenium thermocouples at the start of the irradiation) estimated the 
tungsten-rhenium thermocouple temperatures t o  within 25'K throughout a 5000 
hour irradiation with a thermal and fast (E > 0.18 MeV) neutron flux of 10 14 
neutrons/cm2-sec and 2 x neutrons/cm2-sec respectively at the thermoele- 
ments in the temperature gradient region. In general, the reliability of such 
correlations is unknown, and some method of checking the correlation is 
necessary. _ _  - I_- 
7. To separate radiation effects from non-nuclear effects on present 
state-of-the-art thermocouples, an out-of-pile control test is necessary. 
FUTURE WORK 
The following work is planned as soon as the irradiation is terminated. 
1. Neutron radiograph the capsule to determine if any physical changes 
occurred. 
2. Determine the fluence received by the thermocouples along their 
length by activation analysis of the dosimeter wires. 
Perform a post-irradiation ca,libration of the W/Re thermocouples 3 .  
using an optical pyrometer. 
4 .  Perform light metallography and electron microprobe studies on the 
unirradiated thermocouples to determine : 
a. Grain growth. 
1 9  
b. D i s t r i b u t i o n  of  i m p u r i t i e s .  
c .  Mechanisms o f  f a i l u r e  o r  d r i f t .  
A d d i t i o n a l  c a p s u l e s  are under c o n s t r u c t i o n  t o  cont inue  t h e  i r r a d i a t i o n s .  
The next  i r r a d i a t i o n  w i l l  e v a l u a t e  W3%Re/W2573e thermocouples a t  a soaking 
temperature  of  a p p r  
high p u r i t y  thermocouples r e c e n t l y  developed under a n  NASA c o n t r a c t .  The 
remaining are expected t o  be manufactured t o  t h e  s p e c i f i c a t i o n s  l i s t e d  i n  
Table  1 by t h e  same company t h a t  suppl ied  t h e  thermocouples f o r  t h e  experiment 
r e p o r t e d  i n  t h i s  paper .  This  c a p s u l e  o r  f u t u r e  c a p s u l e s  may inc lude  one o r  
more o t h e r  d e v i c e  t o  measure high tempera tures ,  such as a n  u l t r a s o n i c  
temperature  s e n s o r .  
imately 1700'R. Half of t h e s e  are expected t o  be u l t r a -  
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TABLE I. - DATA FOR THERMOCOUPLES TESTED 
, 1. Sheath:  ! 
a .  Material .................................................. Tantalum j l 
’ 3 .  
i b. 0utsi.de diameter  ................................. 0.157 -t 0.003 c m .  I 
I 
c.  Thickness ....................................... 0.0254 -t 0.005 cm. 1 
I d .  Condi t ion ............................... No v i s i b l e  c r a c k s  o r  marks , 
1 
i 
i 
e.  P u r i t y  ..................................................... 99.8% 
Wire : i a.  Material ............................................. W3%Re, W2573e 
b. Manufacturer ............................................. Engelhard 
c .  Diameter ....................................... 0.0242 + 0.0038 c m .  
d.  L imi ts  of  e r r o r  .................................... g°C t o  8OOOC, 
-+_ 1% of  temperature  from 800 C t o  2300 C ,  
w i t h  r e f e r e n c e  j u n c t i o n  a t  z e r o  degrees  Cent igrade  
-
0 
I n s u l a t o r :  
- 
a .  Material ..................... Be0 i n  30 e m .  h o t  zone, remainder MgO 
b. P u r i t y  ................................... Be0 > 99.93%, MgO > 99.5% 
Overall C o n s t r u c t i o n : ,  
a .  Swaged, grounded-plugged j u n c t i o n  
b. 56 t o  122 cm. l e n g t h  
c.  S p l i c e d  t o  Inconel  sheathed MgO i n s u l a t e d  compensated l e a d  w i r e  t o  
achieve  a n  o v e r a l l  l e n g t h  o f  approximately 510 c m .  
d.  I n s u l a t i o n  r e s i s t a n c e  > 10 ohms a t  500 v o l t s  D.C.  
e. Helium l e a k  rate o f  e n t i r e  assembly a f t e r  being pressur ized  t o  1000 
10 
I 
p s i g  shal l  be < 10 cc/r;ec. I 
-8 I 
f .  Radiography o f  completed assembly s h a l l  be used t o  v e r i f y  t h a t  t h e  I 
I 
j u n c t i o n ,  wires, and s p l i c e  c o n s t r u c t i o n  are s a t i s f a c t o r y .  I 
23 
23J. C .  Lachman, Fall Instrument and Aubmation Conference, Los Angeles, 
Calif. (Sept. 1961), P a p e r  150-LA-61, 
24R. L. Shepard, Reactor  Fuel-Proc.  Tech. - 12,  205 (1969). 
25G. E. Glawe, NASA TN D-7027. 
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Figure 1. - In-pile capsule. 
Figure 3. - In-pi le capsule, external view. 
Figure 2. - In-pile capsule, internal  view. 
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Figure 4. - RRTC Assembly. 
Figure 5. - Capsule installation in the  Plum Brook reactor. 
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In i t ia l  deviation of W3%Re/W25%Re thermocouples in irradiation capsuie when Figure 7. 
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Figure 6. - Out-of-pile test furnace. 
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Figure 8. - ln i t ia l  deviation of W3%Re/W25%Re thermocouples in irradiation capsule when 
gamma heated. 
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Figure 9. - In i t ia l  deviation of W3%Re/W25%Re thermocouples in furnace. 
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Figure 10. -Temperature history. 
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Figure 12. - Drift of irradiated W3%RelW25%Re thermocouples. 
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Figure 13. - Calibration results of unirradiated W3%Re/W25%Re thermocouples. 
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Figure 14. - Drift of unirradiated W3%Re/W25%Re thermocouples. 
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Figure 15. - Nuclear radiation effects on W3%Re/W25%Re thermocouples, determined using 
gamma heating. 
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Figure 16. - Nuclear radiation effects on W3%Re/WZ%Re thermocouples, determined using 
electrical heating. 
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